Abstract Saturated hydraulic conductivity (K s ) is one of the most important parameters determining groundwater flow and contaminant transport in both unsaturated and saturated porous media. The hand-held air permeameter technique was investigated for high-resolution hydraulic conductivity determination on borehole cores using a spatial resolution of ∼0.05 m. The suitability of such air permeameter measurements on friable to poorly indurated sediments was tested to improve the spatial prediction of classical laboratory-based K s measurements obtained at a much lower spatial resolution (∼2 m). In total, 368 K s measurements were made on ∼350 m of borehole cores originating from the Campine basin, northern Belgium, while ∼5,230 air permeability measurements were performed on the same cores, resulting in a K s range of seven orders of magnitude. Cross-validation demonstrated that, using air permeameter data as the secondary variable for laboratory based K s measurements, the performance increased from R 2 =0.35 for ordinary kriging (laboratory K s only) to R 2 =0.61 for co-kriging. The separate treatment of horizontal and vertical hydraulic conductivity revealed considerable anisotropy in certain lithostratigraphical units, while others were clearly isotropic at the sample scale. Air permeameter measurements on borehole cores provide a cost-effective way to improve spatial predictions of traditional laboratory based K s .
Introduction
Saturated hydraulic conductivity (K s ) is one of the most important parameters determining groundwater flow and contaminant transport in both the unsaturated zone and saturated porous media (e.g., Freeze and Cherry 1979) . Determining the small-scale variability of this parameter is key to evaluate the appropriateness of effective parameters at the scale of groundwater flow modelling applications, typically several orders of magnitude larger than the measurement scale (e.g., Ronayne et al. 2010; Dassargues 2009, 2011) . Moreover, for stochastic simulations of groundwater flow and even more so for contaminant transport, accurate models on the spatial variability of K s are much needed (Nilsson et al. 2007; de Marsily et al. 2005) .
Sampling of borehole cores is the most direct way to obtain "hard" small-scale K s data. It does require expensive minimally disturbed coring, but the obtained data quality is unmatched by other approaches. While several well-established laboratory methods exist for determining K s , investigating the small-scale variability remains a challenge, as it requires collecting large numbers of samples. Indeed, if several hundreds of metres of borehole core have to be hydraulically characterized at the decimetre to centimetre scale, typically, several hundreds to thousands of K s measurements are required, which makes it costly and time-consuming if traditional methods were used. Hence, the commonly achievable spatial resolution obtained with this approach is limited to the metre scale at best (Rasmussen et al. 1993; Beerten et al. 2010; Yu et al. 2013) . To increase spatial granularity in K s , various geotechnical and wireline geophysical logging tools have been applied for obtaining high-resolution characterization of sediment hydrogeological properties, including traditional resistivity and gamma ray logging (e.g., Huysmans and Dassargues 2005; Jiang et al. 2013) , and a range of more advanced methods such as induced polarisation (IP) and nuclear magnetic resonance (NMR) techniques (e.g., Slater 2007; Dlubac et al. 2013 ). The socalled "soft" data are then empirically related to "hard" K s data through various statistical and geostatistical approaches, or by using theoretical models that relate the measured data quantities such as sediment electrical resistivity or gamma-radiation to K s . While such soft data may be of a high spatial resolution, its usefulness to estimate K s is often limited because the measured quantities do not relate directly to the sediment properties governing K s and, hence, correlate only moderately with K s . Moreover, support volumes can be very different between the high-resolution soft data and the lowresolution hard K s data (typically from several tens to a few thousand cm 3 , e.g., Yu et al. 2013) . Since the 1960s, air permeameter devices have been increasingly used to characterize sediment properties, including K s through conversion from air permeability (k a ) measurements (e.g., Bradley et al. 1972; Welby 1981) . With reliable air permeameters becoming available from the late 1980s, a fast and effective semi-direct method exists to determine K s (e.g., Chandler et al. 1989; Davis et al. 1994) . As a result, the use of hand-held air permeameter measurements for determining small-scale K s heterogeneity has been extensively applied, for instance on natural outcrops and accessible sediments (Goggin et al. 1988a; Jensen et al. 1994; McKinley et al. 2004 McKinley et al. , 2011 Goss and Zlotnik 2007; Rogiers et al. 2013a, b) , in quarries (Thomas 1998; Huysmans et al. 2008; Possemiers et al. 2012 ), on soils (Kirkham 1947; Loll et al. 1999; Iversen et al. 2003; Beerten et al. 2012) , or on borehole cores of indurated sedimentary rocks for reservoir analog and fault zone characterization (Corbeanu et al. 2001; Shipton et al. 2002; Dinwiddie et al. 2006) . In some cases, automated laboratory setups have been used (e.g., Corbett and Jensen 1992; Halvorsen and Hurst 1990; Robertson and McPhee 1990) .
Potential disadvantages of such hand-held air permeameter devices are the often operator-dependent seal quality, sensitivity to the saturation degree of the porous medium, as well as sample surface effects such as weathering or irregularities. To avoid effects of weathering and seal quality problems, the development and use of a small drill-hole minipermeameter probe has also received considerable attention (Dinwiddie et al. , 2006 (Dinwiddie et al. , 2012 Castle et al. 2004) .
To the authors' best knowledge, the application of such hand-held air permeameters, or similar laboratory setups, directly on borehole cores or slabs taken from cores typically used for geological descriptions has not been reported in the literature for friable to poorly indurated sediments. This method has the potential to achieve in an efficient manner high-resolution K s data on this type of sediments, without the need for additional core sampling from the borehole cores. Moreover, air permeability measurements require times on the order of seconds to minutes, which is only a fraction of the time needed for a constant head test. In principle, the proposed methodology is applicable to any kind of sediment, but excessively long measurement times limit practical applications for very low K s values (from several minutes up to half an hour for K s values between 10 -7 and 10 -10 m/s). Also, sediment pore diameter should not have a similar scale as the air permeameter probe opening (9 mm in the case for this study), which limits application in gravels. The sediments studied here are friable to poorly indurated fine-to-coarsegrained sands with varying clay content (up to 45 %).
This paper therefore investigates the usefulness of the hand-held air permeameter technique for high-resolution characterization of K s on borehole cores. The objectives of this work are (1) to test the suitability of the hand-held air permeameter technique for high-resolution hydraulic conductivity determination on borehole cores using a spatial resolution of ∼0.05 m, (2) to validate and calibrate the obtained data with classical laboratory based K s measurements, and (3) to quantify the gain in spatial prediction of K s by using such high-resolution air permeameter measurements in combination with laboratory based K s measurements obtained at a much lower spatial resolution (∼2 m).
Materials and methods

Retrieval of borehole cores
Approximately 350 m of borehole cores (Table 1) originating from the Mol/Dessel area in the Campine basin, northern Belgium (Fig. 1) , are used as a case study. The studied sediments are of Miocene to Pleistocene age, with a marine to continental origin, and consist of poorly indurated sand to clayey sand with distinct clay lenses, resulting in a K s range of seven orders of magnitude (Beerten et al. 2010) . During previous studies, two samples were taken from borehole cores every 2 m for performing constant-head laboratory permeameter tests (Beerten et al. 2010; Fig. 2c ). These hard data are now used as a reference for the secondary information obtained from the air permeameter measurements, performed with a resolution of five centimetres.
The borehole cores studied in this paper originate from two site characterizations carried out in the framework of the Belgian Agency for Radioactive Waste and Enriched Fissile Materials (ONDRAF/NIRAS) low-level radioactive waste disposal research programme (ONDRAF/ NIRAS 2010). A 50-m long borehole core (named Dessel-2) was obtained in the first characterization in 2002 (Mallants et al. 2003) , aimed at a detailed local study of all relevant lithostratigraphical layers. In total, 50 cores were taken with a push corer in 96 mm-diameter PVC tubes of 1-1.1 m length, resulting in minimally disturbed core samples, which normally result in a high core recovery (Beerten et al. 2010) . The push corer technology is similar to direct push core sampling (Dietrich and Leven 2006) , but when used in combination with drilling, greater depths can be achieved. The intactness of the cores in Fig. 3 also illustrates the minimal disturbance of the sediment. Because of the sandy character of all the sediments, any drilling-induced disturbance that potentially took place, happened at the outer section of the cores, while the centre of the core is practically unaffected. In some cases, the thin plastic clay lenses were slightly deformed at the core perimeter as a result of the coring. As the sampling and measurements always took place in the centre of the core sections, the effect of core disturbance on the results is believed to be minimal.
Uncertainties about subsurface knowledge were identified through groundwater flow and contaminant transport modelling studies including sensitivity analyses (Gedeon and Mallants 2009; Gedeon et al. 2013) . To reduce the uncertainties, a second site characterization was performed in 2008 in an area of ∼16 km 2 , including six more cored boreholes (266 cores) down to a depth of 40-50 m using the same coring methodology, labelled as Dessel-3, Dessel-4, Geel-1, Kasterlee-1, Retie-1 and Retie-2 (Beerten et al. 2010) .
Upon receiving the cores in the laboratory, core handling started by sawing the cores longitudinally in a one-to-three proportion with a wire saw (Fig. 2a,b) . The thinnest slab was used for geological description and air permeability measurements (carried out in 2012), while the main core section was used for further sampling with 100 cm 3 steel rings (5 cm diameter, 5 cm height; Fig. 2c ) for laboratory K s measurement. Finally, the cores were vacuum packed in PE-Al film awaiting future analysis.
A typical approximately 1-m-long core section is shown in Fig. 3 for each lithostratigraphical unit. The Quaternary unit (Fig. 3a) consists mainly of medium dense to loose fine-grained aeolian sands with organic material and some soil development (Beerten et al. 2012 ). The Mol Upper Sands (Fig. 3b) are medium dense, medium to coarse-grained, white, pure quartz sands; the Mol Lower Sands (Fig. 3c ) belong to the same formation, are well sorted, dense, fine-grained sand and do not contain the very coarse fraction typical of the Mol Upper Sands. The dense Kasterlee Sands (Fig. 3d) show a higher fines content (both in the clay and silt fractions), and some presence of the typically green-coloured mineral glauconite (up to one weight %). The main aquitard in the study area is the Kasterlee Clay (Fig. 3e) , which is a heterogeneous alternation of medium to dense finegrained silty or clayey sand layers and clay lenses. Given (Beerten et al. 2010) . 100-cm 3 steel-ring core (abbreviated as '100-cm 3 ') samples indicated with an 'a' (numbers in parentheses) are located more than 20 cm away from the nearest air permeability measurement. K h horizontal hydraulic conductivity; K v vertical hydraulic conductivity; k a air permeability the large small-scale heterogeneity within this unit, small differences in the vertical position of air permeameter measurements and the corresponding steel ring core samples might induce large differences between the matching data points. The upper part of the Diest Formation, the dense Diest Clayey Top (Fig. 3f) , also has an increased fines content, and the dense Diest Sands ( Fig. 3g ) are medium-to-coarse-grained glauconite-bearing sands (up to 30 weight %) with typical bioturbation structures (white spots in Fig. 3g ). The grain-size characteristics of these sediments are discussed by Rogiers e t a l . ( 2 0 1 
) . M o s t b o r e h o l e s c o n t a i n a l l lithostratigraphical units; only in a few cases did the boreholes not contain the Diest Sands.
Handling of the cores of the most friable sediments was performed with caution. The increased cohesion of the wet sediment was an advantage during the sawing of the saturated cores, but minor effects of deformation might be present. Deformation by the air permeameter tip was only an issue in the loosest sands, a condition that occurred only in a few cores. Also, care was taken during air permeameter measurements not to put too much pressure on the sediment to avoid deformation. The sand and clay retrieved from deeper in the subsurface was compact and well consolidated, hence retrieval of undisturbed cores did not present a problem. Places where deformation did occur during core handling were easily identifiable by, e.g., small cracks in the sediment, and where omitted during the measurements.
Saturated hydraulic conductivity measurements
Sampling of the main core sections for determination of K s was performed with 100 cm 3 steel rings (Fig. 2c) . The rings were inserted with the cutting edge down by pushing it manually in the sediment. Once completely inserted, a slight twist was given to the ring to effectively break the bottom plane of the sample, and an intact sample could be taken from the main core. For characterizing both horizontal (K h ) and vertical (K v ) conductivity at the 100 cm 3 -scale, a horizontally and vertically oriented sample was taken at each sampling depth at a separation distance of approximately 10 cm. In total, 368 samples Core sampling and preparation for air permeability measurements: a Schematic of separation of the core slab from the main core; b longitudinal sawing of the core with a wire saw; c 100-cm 3 steel-ring core sampling for hydraulic conductivity determination in the laboratory; and d the execution of hand-held air permeameter measurements on the core slabs Table 1 ) and K s was measured in the laboratory using an Eijkelkamp constant-head permeameter (ISO/TS 17892-11 standard; see, e.g., Klute 1965 ) and making use of Darcy's law (Darcy 1856) . For the most clay-rich samples, a permeameter cell adapted to medium to low K-values (10 -9 to 10 -13 m/s) was used (Wemaere et al. 2002 (Wemaere et al. , 2008 . In this setup, water is injected at the bottom of the sample under a constant pressure of about 6 bar. The hydraulic conductivity value is determined only after saturation of the sample, and when a steady flow out of the sample is reached. The precision of the measurements is about 8 %.
Analysis of intrinsic sample-scale anisotropy, i.e., based on the individual K h /K v ratios, made use of statistical t-and F-tests (Sheskin 2004) in comparing K h and K v datasets (Beerten et al. 2010) . Scatterplots of the paired K h -K v data are shown in Fig. 4 . The F-tests are performed for checking the two-tailed probability that the variances are not significantly different, while the t-tests check the equality of the sample means for a two-tailed distribution and equal or unequal variances depending on the corresponding F-test outcome. The only significantly different (at the 0.05 level) means and variances of the K h and K v data, revealed by the t-and F-tests, were those for the lower aquifer data (Diest Clayey Top and Diest Sands). There is, however, no strong correlation between the K h and K v pairs in Fig. 4c , and many pairs display larger K v than K h . This again indicates the likely importance of the small-scale variability. Because of the distance between the K h and K v samples, the apparent absence of isotropy in K s might be due to small-scale variability induced by the method of sampling. The data points in Fig. 4a ,b are distributed more or less equally around the 1:1 line (K h /K v =1), likely illustrating considerable spatial variability over short distances which might overprint the existing intrinsic anisotropy. It cannot be confirmed that the laboratory-based K s values are isotropic at the sample-scale, despite the fact that the upper aquifer and aquitard marginal distributions show no significant differences in mean and variance between K h and K v ; therefore, all further analyses are done on the K h and K v datasets separately.
Air permeability
A probe permeameter basically consists of an annulus through which gas can be injected in or withdrawn from a porous medium. To prevent leakage between the annulus and the porous medium, compressible impermeable material has to be used at the probe tip. The gas pressure and flow rate should be monitored in order to derive gas permeability by, e.g., the modified form of Darcy's law including a geometric factor, as proposed by Goggin et al. (1988a, b) .
A Tinyperm II air permeameter device (New England Research and Vindum Engineering 2011; Fig. 2d ) was used for the borehole cores in this paper; several successful studies were previously performed using the same device (Huysmans et al. 2008; Possemiers et al. 2012; Rogiers et al. 2013a, b) , and extensive testing and comparison with other gas permeameters was performed by Filomena et al. (2014) . This device consists of a vacuum cylinder, pressure transducer, handle and plunger, and a microprocessor and control unit. The flexible rubber permeameter tip is pressed against the borehole core material, and the plunger is depressed to create a vacuum causing air to flow from the unsaturated porous medium into the device where the gas flow rate and pressure are monitored by the pressure transducer and analysed by the microprocessor unit. Using signal processing algorithms, the unsteady-state response function of this transient pressure test is computed and related to the sample k a . The exact value of k a can be determined by an equipment specific calibration curve (New England Research and Vindum Engineering 2011). The effective sealing during the measurement was achieved by putting some pressure on the device, and preparing a very flat surface on the core material prior to the measurement. Highly anomalous values, in case leakage of air between the rubber nozzle of the air permeameter and the sediment clearly occurred, were discarded when encountered during the borehole core-slab measurements and repeated. To prevent loose sand debris being sucked into the device, a custom-made metallic screen was fitted at the outlet. This required recalibration of the TinyPerm II device to correct for modifications to the airflow (Huysmans et al. 2008) .
The volume of sediment involved in a permeameter measurement for isotropic porous media is often defined by a hemisphere two to four times the internal radius of the tip seal (Goggin et al. 1988a; Jensen et al. 1994 ). More recent analyses identified the possible existence of a blind spot (Tartakovsky et al. 2000) , but this was disproven again by Molz et al. (2003) who accurately determined and quantified the geometry of the flow lines and the spatial weighting function for the conventional surface-sealing minipermeameter probe. These authors clearly illustrated that the region near the inlet edge of the seal is heavily weighted. The TinyPerm II has an inner tip diameter of 9 mm, and an outer diameter of 21 mm, resulting in an investigation depth of ∼11 mm for 95 % of the spatial weighting function, and ∼19 mm for 99 %. These investigation depths are small enough for performing reliable measurements on the core slabs that have a maximum material depth of ∼30 mm. Measurements in permeable sands typically take a few seconds, less permeable samples take up to a few minutes and clays might take several dozens of minutes. The reported measurement range of the device is from 10 mD to 10 D (10   j14   j10 j11 m 2 ). The lowest value corresponds to a measurement time of ∼5 min (Filomena et al. 2014) . In laboratory conditions, measurement times can easily be longer using the handheld approach (up to half an hour in this study), and even up to several hours with a special laboratory setup, as demonstrated by Filomena et al. (2014) . These authors also tested the technical tightness of the device, which revealed 0.034 mD (10 j16.5 m 2 ) as an absolute lower boundary. Rogiers et al. (2013b) ) on outcrop sediments with the same 100 cm 3 steel ring samples as used in this study. Because totally dry sediment conditions are hard to obtain, especially under field conditions, and because of the polar characteristics of water and gas slippage effects, empirical equations have to be used to convert the obtained k a values into K s estimates; from hereon denoted as K s,ap . The empirical equation proposed by Loll et al. (1999) is used in this study for the initial k a -based K s estimates: Chief et al. (2008) indicated that anisotropy might introduce errors as high as a factor of 2 in air permeability estimates. This is so because airflow lines have different directions in the sediment, and the derived k a value is somewhere in between the true k h and k v parameters. Therefore, the air permeameter measurements are used as secondary data for both the K h and K v variables in this study, without making assumptions on the k a anisotropy or the direction of air flow.
On all 316 approximately 1-m-long borehole core slabs, k a measurements were carried out with a spacing of approximately 5 cm, resulting in 5,230 k a values. All measurements were performed within 5 days, with one person for handling the air permeameter, and another one to log the Tinyperm II responses.
Quantification of measurement error and influence of moisture content
Next to the measurements on the core slabs, several additional investigations were performed to better capture the characteristics of the air permeameter device and its limitations. In a first step, the measurement error was quantified by doing 20-30 repeated measurements on each lithology resulting in 280 measurements in total. A second test was designed to investigate the representativity of the core slabs, and the influence of the moisture content on the obtained K s,ap values. For this, 12 of the main cores were unpacked and sections of 30 cm were separated for k a and gravimetric moisture content measurement. Both properties were measured three times: (1) immediately after unpacking, (2) after drying in air during a week, and (3) after two additional days of drying in the oven at 100°C, resulting in a total of 171 measurements.
Calibration of air permeability-based hydraulic conductivity estimates
All K s values from the laboratory constant head tests on the 100 cm 3 steel ring samples were paired with the closest K s,ap values (within a maximum distance of 20 cm) to perform a calibration of the detailed high-resolution K s,ap logs. After considering the equation of Loll et al. (1999) , a site-specific calibration was tested as a means to increase reliability on K s,ap . Moreover, preliminary analysis indicated that the calibration would benefit from including lithostratigraphy as a separate factor in the regression analysis, because different units showed slightly different k a -K s relationships. Furthermore, a slight bias was observed between the K s,ap values from the Dessel-2 cores (collected in 2002) and all other cores (collected in 2008); in other words, air permeability measurements were carried out on respectively 10 and 4-year-old material. Therefore, the linear model approach was extended with categorical covariates and a linear mixedeffects model (McLean et al. 1991) with random effects for both the stratigraphy and borehole factors was used. This allows for different linear relationships for different boreholes and stratigraphical layers, while accounting for the general relationship between K s and K s,ap . This was done for K h and K v treated separately as predictor variables. The models were fitted with the lme4 package (Bates et al. 2012 ) developed in the R language (R Development Core Team 2012).
Geostatistical analysis
After calibration of the high-resolution K s,ap data, a geostatistical analysis was performed to provide the best possible estimates (i.e., spatially interpolated) of the primary K s data by invoking the spatially cross-correlated secondary K s,ap data. This analysis consisted of the following steps: (1) experimental variography for the primary and secondary datasets after standardization of the data, (2) fitting of direct variograms and cross-variograms using an intrinsic model of co-regionalization (Goovaerts 1997) , (3) interpolation by co-kriging, and (4) performing a leave-one-out cross-validation to quantify the predictive uncertainty on K s (kriging variance), as well as the gain in accuracy (performance of the spatial interpolation model) by using the correlated secondary data. These steps were implemented twice, once for the K h dataset and once for the K v dataset. All analyses were performed using R, making extensive use of the gstat package (Pebesma 2004) .
Results and discussion
All raw data encompassing the 100 cm 3 steel ring core sample data and the K s,ap values obtained from the equation of Loll et al. (1999) are shown in Figs. 5 and 6. Especially in the clay-rich units (Kasterlee Clay, Diest Clayey Top), there is a clear mismatch between the laboratory-derived and the air permeameter-based values, while in the sand-dominated units a good match is observed. The sand-dominated units were all dry during measurement, allowing for reliable estimation of K s through K s,ap . Presence of clay generally results in less reliable measurements (measurements may not have reached equilibrium, while microscopic fissures in the dried clay may yield overestimations) which may have caused the discrepancies in the clay-rich units. Nevertheless, the differences are not as large as the systematic bias observed by Rogiers et al. (2013c) , when comparing outcrop air permeameter data to these borehole core laboratory-derived K s values.
Boxplots for the laboratory-derived K s values, and the initial K s,ap estimates derived from the equation of Loll et al. (1999) are shown in Fig. 6 . For a given measurement type (K h , K v , or K s,ap ), the relative differences between the different units seem to be honoured, but the absolute mean K s values differ significantly from K s,ap for all cases except the Diest Sands K h . Such discrepancies were not observed when air permeability measurements on outcrop sediments were compared with lab-based K s values on 100 cm 3 steel ring samples of the same outcrops (Rogiers et al. 2013b) . Factors that may have contributed to the discrepancies include borehole core slabs that have been subject to drying in open air and displacement of slabs rendering certain sections in a disturbed condition; thus, causing a systematic bias towards higher K s,ap values. Moreover, the air permeameter data show a considerably higher number of values outside of the 95 % confidence interval; this might be due in part to the much larger data set compared to the lab-based data (∼14 times), and the smaller support volume of the air permeameter measurements (between 2.8 cm 3 for 95 % of the spatial weighting function of Molz et al. (2003) and 14 cm 3 for 99 %) compared to the 100 cm 3 steel ring samples. The measurement error, including the intrinsic variability in response to the device as well as operatordependent influence (way of handling the plunger or pressure applied on the rubber tip for sealing), was investigated by doing repeated measurements. The results indicated that the measurement error variance of maximum 0.017 (in terms of logarithmic K s,ap ) clearly is small compared to the variability within a single lithostratigraphical unit (Fig. 6) . The operator influence also shows a relatively small effect, but it is clearly present. The bias between the two operators reached a maximum of 0.16 for the tested clayey sample, but was always below 0.08 for the sandy samples (again in terms of logarithmic K s,ap ). It thus seems to be more important for lower K s,ap values.
The air permeameter measurements at different times during the drying (i.e., decreasing gravimetric water content) of the full-sized cores are shown in Fig. 7 . Water content clearly has an important effect on K s,ap values, through the availability of pores of different sizes for air flow, which depends on the sediment texture and structure. For instance, water content changes of a few percent can lead to changes of up to an order of magnitude for the clayey samples, as the largest pores or cracks will first be available for air flow. For the sand-dominated units the effect on K s,ap is small: most values remain within one order of magnitude difference considering a water content range from 16 to zero %; note, however, that differences in K s,ap due to water content changes of a few percent are of comparable magnitude as the measurement error [0.10 for log 10 (K s,ap )]. Because all measurements were performed in the same dry conditions, i.e., dried in air at room temperature for several years, effects (and bias) within the same unit are similar. Because the K s,ap values are only used as secondary data after calibration with labbased K s , effects of water content become unimportant, recognizing though that the degree of correlation between primary and secondary data may depend on water content.
The predictive capacity of the equation of Loll et al. (1999) to generate reliable K s estimates is demonstrated in Fig. 8a . The scatterplot shows that values derived for the predominantly sandy sediments have the correct order of magnitude, while the very low K s,ap pertaining to Kasterlee Clay clearly shows a systematic bias of two to three orders of magnitude. Overprediction of K s , using the Fig. 6 Boxplots of median, first and third quartile, and 95 % confidence-interval K s values from a K h laboratory analysis; b K v laboratory analyses; and c K s,ap data, based on Loll et al. (1999) , for each of the stratigraphical units. The whiskers extend to the most extreme data point which is no more than 1.5 times the interquartile range from the box; the data points beyond that (outliers) are plotted individually. The number of observations is also provided each time air permeameter K s,ap values for the clayey sediments is likely due to modifications of the pore structure after a long period of drying (opening of cracks), also recognizing that the very low K s values are probably beyond the measurement range of the Tinyperm II, and that an inherent variability is introduced by not having air permeameter and laboratory measurements at the same locations. The R 2 based on the combined data set (K h and K v ) is 0.50, but depends on the maximum distance used for matching laboratory based and air permeameter measurements (e.g., using 10 cm rather than 20 cm as maximum distance results in an R 2 =0.55). The predictive capacity of the K s,ap data can be significantly improved through calibration. Using linear mixed effect models for the K h and K v data increases the R 2 to 0.72 (Fig. 8b ). After standardization of both the laboratory and calibrated air permeameter data (using the linear mixed effects models for K h and K v ), experimental variograms were calculated for the entire dataset (Fig. 9) , assuming similar spatial variability at the different boreholes. As the data show considerable scatter within lag distances less than 0.4 m, it was decided to extrapolate the semivariance at 0.4 m to a nugget value of zero at the origin, using a spherical model with a 0.4 m range. The increase of the semivariance between 0.4 and 20 m was captured by adding a second spherical model with a range of 12 m. The only differences between the K h and K v variogram models are the partial sills, with the K v model showing the higher semivariance at short distances. Fig. 7 Effect of gravimetric water content on K s,ap using full-sized core samples. The highest water content represents the condition after unpacking of the cores (i.e., removal of the vacuum seal), the second point is water content after a week of drying in open air, and the final (i.e., zero) water content is obtained after 48 h of drying in an oven at 100°C. The individual samples (displayed transparently) are grouped, and the group means are provided for cores near grain size data with clay contents >10 % (clay), < 10 % and >2.5 % (clayey sand), and <2.5 % (sand) Fig. 8 Scatterplot of the uncalibrated air permeameter K s,ap values using Loll et al. (1999) versus laboratory K s (a); and calibrated K s,ap data by means of linear mixed effects models for K h and K v , with a random effect for the lithostratigraphy and borehole factors (b) For determining the cross-variograms between laboratory K s and K s,ap , the partial sills of the direct variogram models were multiplied with the respective correlation coefficients for K h (0.88) and for K v (0.82). This approach Fig. 10 Vertical profiles of lab-based K h values, the calibrated air permeameter-based K h estimates (K h,ap ), and the co-kriging estimates and their 95 % confidence interval for two examples out of the seven studied boreholes: a Dessel-3 and b Dessel-4 Fig. 11 Overview of the primary K h and K v data together with the corresponding co-kriging estimates for two examples out of the seven studied boreholes: a Dessel-3 and b Dessel-4. The K h data are the same as those presented in Fig. 10 is more robust than using the experimental crossvariogram, given the limited amount of primary data (368) in comparison with the secondary data (5,230).
The best K h and K v estimates for core sections at every 2 cm along the borehole were then determined using co-kriging with the laboratory data as primary variable and the air permeameter data as secondary data. The results for K h are displayed in Fig. 10 , together with the 95 % confidence intervals (based on the kriging variance). The largest uncertainties are located in the zones where core slabs were missing and, hence, no secondary data are available.
Nearly continuous estimates of K s are obtained in this way, revealing a lot more heterogeneity of the subsurface than the lab-based K s dataset only. In particular, the structure of the Kasterlee Clay displays a high degree of heterogeneity at each borehole location, with several discrete clay lenses sandwiched in-between coarse-grained sand layers. A few other thin lenses with finer material are revealed as well and occur outside of the current boundaries of the Kasterlee Clay unit. Such information could be used to revise the location of several litho-stratigraphical boundaries. Compared to all other boreholes, the Dessel-2 borehole shows more scatter in the data, which could be attributed to the longer exposure of the core slabs to air compared to the 2008 cores.
To investigate the intrinsic anisotropy at the measurement scale of 100 cm 3 after the secondary k a data have been accounted for, the co-kriging estimates for both K h and K v are shown in Fig. 11 . The results indicate that mainly the lower aquifer sediments and several parts of the Mol Lower and Kasterlee Sands show systematic intrinsic sample-scale anisotropy, as was previously indicated by the statistical t-and F-tests. The Mol Upper Sands are consistently isotropic, except for the upper part in the Dessel-2 borehole.
Validation of the use of calibrated k a as secondary variable in a co-kriging approach with lab-based K s as primary variable and the derived variogram models, was done on the basis of leave-one-out cross-validation (see Table 2 and Fig. 12 ). Ordinary kriging and ordinary cokriging was compared for all cases (once for all K h and once for all K v samples) to quantify the benefit of using K s,ap as secondary variable for spatial interpolation of K s . Inverse distance weighting as an alternative interpolation technique was also performed to quantify the benefit of accounting for data-based spatial variability.
According to all performance measures in Table 2 , the ordinary co-kriging approach with the secondary air permeameter data performs best as spatial interpolation technique for the lab-based K s measurements. The main gain in performance is for the clayey samples which occur mainly in the more heterogeneous parts and which are Fig. 12 Leave-one-out cross-validation results for inverse distance weighting (a); ordinary kriging (b); and ordinary co-kriging (c). R 2 is provided on the figures, other performance measures are presented in Table 2 more difficult to predict based on the primary dataset only. Given the large amount of small-scale heterogeneity, the difference in performance between the inverse-distance weighting and ordinary kriging is small.
Conclusions
A hand-held air permeameter was used to obtain highresolution information on K s variability from borehole core slabs of friable to poorly indurated sands to clayey sands with distinct clay lenses. Calibration with independent lab-based K s measurements improved the predictive capacity of the Loll et al. (1999) equation considerably and resulted in more reliable K s,ap values. The regression model for lab-based K h measurements with linear mixed effects gave the overall best result. Based on a 5-cm measurement interval, the air-permeability-based K s,ap values revealed considerable small-scale spatial variability, with an overall range between 10 -10 and 10 -3 m/s. The measurement error was quantified, as well as the influence of the operator, and both proved to be small compared to the K s,ap variability.
Spatial interpolation using the site-specific air permeability calibration with linear mixed effects models as secondary variable in an ordinary co-kriging approach proved to be reasonably accurate based on a full leave-one-out cross-validation with an R 2 of 0.61. In comparison, an R 2 of 0.31 and 0.35 was obtained for respectively inverse distance weighting and ordinary kriging. Especially, the interpolated K s estimates of the thin clay lenses improved drastically. Finally, a comparison of the interpolated high-resolution K h and K v profiles revealed that at the 100 cm 3 sample scale anisotropy is obvious in certain lithostratigraphical units, which was not evident from an analysis of the primary lab-based K s dataset alone.
The analyses presented were performed for the K h and K v datasets separately. Accounting for the correlation between both variables would improve the accuracy of the methodology, but is not straightforward with large smallscale variability and the lack of co-located (at least in vertical direction) samples.
The obtained high-resolution data can potentially be used as a reference for correlating more easily gathered direct push data like cone penetration tests with K s in order to be able to make regional data-conditioned stochastic realizations of shallow aquifers accounting for small-scale variability. Moreover, in the framework of monitoring network design, such high-resolution data allow for the optimal placement of multi-level monitoring wells.
In conclusion, the hand-held air permeameter is an efficient cost-effective tool to obtain high-resolution information on K s and its variability from borehole core slabs. While such measurements are used regularly in lithified sediments in the framework of studying fault rocks and reservoir analogues, it was demonstrated that this approach can work equally well for friable to poorly indurated sands and clays.
